Tea is the second most consumed beverage globally, yet its environmental implications are largely unknown. To overcome this knowledge gap, life-cycle analysis was conducted aiming to quantify the environmental impacts associated with tea production and consumption. To achieve this objective, Oolong tea production in Taiwan was selected to investigate the life-cycle impact in global warming potential (GWP) and eutrophication potential (EP) associated with one serving of hot tea consumed in Taiwan domestically and the international market in the U.S. and U.K. The results indicate that each serving of Oolong tea can result in a total of 28.6 g CO 2 -equivalent of GWP and 0.09 g N-equivalent of EP. Over 52% of GWP and 44% of EP are associated with the tea's cultivation, in which the application and production of agrochemicals accounts for 90% of GWP and 98% of EP. International consumption can increase GWP and EP by 19% and 26%, respectively, which is largely attributable to the change of cooking energy from natural gases to an electric-gas mixed scheme. The findings from this study articulate the environmental portfolio of Oolong tea. More importantly, we can identify opportunities to mitigate the environmental footprint of Oolong tea in order to advance future sustainability.
Introduction
Black, green and Oolong tea are all produced from the leaves of the same species of plant, Camellia sinensis. Tea difference is due to the amount of oxidation the leaves receive during the processing stage. Black tea is fully oxidized, Oolong tea is partially oxidized, and green tea is not oxidized. The level of oxidation results in complex changes in flavor profiles and aromas of the tea leaves. Oolong teas produced in the mountainous regions of Taiwan rank as some of the most expensive and highly regarded teas in the world, due to their quality flavors. Teas from these regions are of such high quality due to specific cultivation practices, processing methods, and optimal growing conditions, such as subtropical climate, regions of high elevation, and prime agricultural soils. As of 2016, there were approximately 11,689 hectares of area under tea cultivation in Taiwan. Historically, Oolong tea has been a high-priced commodity and is the most expensive tea produced in Taiwan [1] .
Globally, tea is the second most consumed beverage, with water being first [2] . Asia has been the leading producer of tea in international markets accounting for 83% of tea production globally from 1961 to 2016 [3] . In Taiwan tea production, Oolong tea accounts for about 90% of the country's total production, while the remaining 10% accounts for green and black tea [4] . According to the same source, nearly 70% of tea was consumed domestically, while exports accounted for 30% in 2015. In addition to this report, trends indicate that import of tea has increased, while export of tea has decreased in Taiwan [3] . Nonetheless, tea from Taiwan is priced substantially higher than its foreign competitors, which may suggest that while the quantity of exports has decreased, the value of exports has increased [1] .
With the significance of tea in the global beverage market, there is an urgent need to put its environmental implications into perspective by adopting suitable analytical tool such as life-cycle assessment (LCA). LCA is a quantitative tool for systematically assessing the environmental impact potential associated with a product or a service through its life cycle. This approach has been standardized in ISO 14040 series and been widely adopted to determine environmental implications in various sectors [5] [6] [7] [8] . It is also a common tool utilized to investigate the environmental portfolio of agricultural and food industry in order to verify the primary impact contributors [9] [10] [11] [12] [13] [14] . As LCA can account for impact footprints under different scenarios, it has also been employed to quantify environmental implications associated with the change of consumption behaviors [15] [16] [17] , and to identify best management practices for mitigating the impact footprint of a product or service [18] [19] [20] . The development of LCA is believed to have emanated from the need for identifying alternative packaging designs in the beverage industry around 1960s [21] . It is no surprise that numerous studies have selected LCA to articulate the environmental performance of the mainstream beverages in the market nowadays, including coffee [22, 23] , milk [24] [25] [26] , soft drinks and alcohols [27] [28] [29] [30] . Given the market interest, several studies made an attempt to quantify the environmental effects of black tea by adopting LCA. A recent study examined the environmental impacts of black tea produced in Malawian factories, focusing primarily on the processing stage [31] . The authors identified several significant sources of environmental impact, including boiler fuel combustion and stand-by diesel power generation. Additionally, the results demonstrated that producing 1 kg of black tea could result in an average global warming potential (GWP) amounting to 21.14 kg CO 2 -equivalent (CO 2e ) and a eutrophication potential (EP) of 0.0028 kg PO 4 -equivalent (PO 4e ), with regional variation. Another study quantified the environmental impacts of Darjeeling tea cultivated in Northern India by taking into account a cradle-to-gate system beginning with cultivation in India and ending with the consumption of tea at a household in Europe [32] . The authors of this study stated that a cup of tea (250 mL) could result in GWP ranging from 19.4 to 170 g CO 2e , with an average of 48 g CO 2e , in which approximately 70% was contributed by electricity consumption required for boiling water at the consumption stage [32] . Comparatively, some results have indicated that the processing stage only accounted for 13% to 15% of total impacts. These findings suggest the environmental significance of tea consumption as a stage, as compared to processing, and illustrate the value in expanding the system boundaries of tea analyses to include more stages of the product's life cycle. An extension of the previous study performed by Doublet and Jungbluth [32] was conducted shortly after in order to assess the change of Darjeeling tea LCA performance under different production scenarios [33] . This study aimed to not only quantify the environmental impacts of the product, but to ascertain the least and most impactful production scenarios in order to better inform the tea industry. By manipulating options regarding cultivation type, electricity mix, and transport type of tea, the study found that the disparity in impacts resulting from the various scenarios were ultimately negligible when compared to the impacts arising from the consumption phase [33] . Furthermore, even when accounting for less-impactful options at the production phase, boiling water at the consumption phase remains a key contributor to significant greenhouse gas emission [33] . Instead of focusing on the consumption phase, another LCA research using black tea production in Iran as a study case to identify impact hotspot associated with tea farming practices. The authors found that by improving energy and operational efficiency to adjust machinery performance and fertilizer application can have a significant effect on reducing the environmental impacts of tea by a magnitude up to 20% [34] .
While these studies provide a basis for the environmental portfolio of black tea, there are still significant information gaps regarding other tea varieties. Therefore, this study aims to assess the LCA performance of Oolong tea produced in Taiwan in order to leverage the current knowledge of tea's environmental implication. The goals of this study were to (a) portray life-cycle impact associated with Oolong tea consumption in order to determine major impact contributors, (b) derive impacts associated with different consumer market distribution scenarios, and (c) determine opportunities for mitigating Oolong tea impact footprint. The investigated production system represents tea cultivated and manufactured in Taiwan, followed by different consumption pathways that end in Taiwan, England, and the United States. The GWP in g CO 2 equivalent (g CO 2e ) and EP in g N equivalent (g N e ) per tea serving were selected to present the results. The analytical procedure will allow us to derive a comparable set of results to illustrate the environmental portfolio of Oolong tea production and consumption under different market distribution schemes.
Methods and Data
Primary data regarding materials, energy, irrigation, fertilizers, agrochemicals, labor, and transport distances were collected during a field survey of two tea plantations located in Lugu, within Nantou County, Taiwan. The average temperature in this region ranges from 14 • C to 31 • C, with significant precipitation of 2600 mm/year. Tea plantations form one of the most significant land cover types blanketing this region, which has an average elevation of 750 to 1200 meters. Cultivation and production data were provided by two tea farmers with over 15 years of farming experience. Relevant input and output values are summarized in Table 1 below. Additional background data were compiled from EcoInvent v3.2 [35] and multiple government agencies in Taiwan [36] [37] [38] [39] to quantify emissions from energy consumption during the roasting and consumption stages by factoring in regional energy mixes. The life-cycle inventory result is then converted to GWP and EP by utilizing the TRACI method (The Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts) developed by the U.S. Environmental Protection Agency [40] . Based on typical brewing methods in Taiwan, six grams of loose tea can make three servings of hot tea with 170 mL of boiled water per serving. Therefore, the functional unit is defined by following this practice on the consumer's end. For the purpose of consumption analysis, Oolong tea is shipped and consumed domestically in Taiwan, or internationally in the United States (U.S.) and the United Kingdom (U.K.) as a hypothetical market destination. A cradle-to-gate product system is established consisting of three major production phases: tea cultivation, loose tea roasting and manufacturing, and hot tea made at consumers. Impacts associated with capital development or machinery building is excluded. Final results were presented to quantify environmental impact associated with the consumption of one serving of tea. However, in order to put the magnitude of the impact into perspective, results were normalized by the total global warming potential and eutrophication potential per-capita in the U.S. in 2008 [41] .
Cultivation and Harvesting
Tea farmers in Taiwan typically apply pesticide, herbicide, and both synthetic fertilizer and organic fertilizer such as soybean meal. A layer of wood chips can be incorporated for soil erosion prevention. However, the field survey did not specify what types of pesticides and/or herbicides were applied. As such, the production and application of unspecified herbicides and pesticides, as well as the corresponding emissions, were derived from Ecoinvent v3.2. To incorporate the normal practice of applying organic fertilizer in Taiwan tea plantations, a fertilizer mix consisting of soybean hulls, bone meal, and wood chips was created by following a ratio of 4:4:5. Synthetic fertilizer application and its corresponding proportional emissions were derived from other studies ( Table 2) [42, 43] . Irrigation water sources were a mix of tap water, groundwater, and surface water. We also took into account emissions from transporting farm workers and products, and that from farming machine operation. Lastly, because Oolong tea is considered to be high-price commodity, the farmers of both studied sites reported they only employ hand harvesting. Based on the field survey, these studied tea plantations reached an average yield of 6722 kg fresh tea leaves per ha per year. Table 2 . Assumption on emissions from synthetic fertilizer application [42, 43] .
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Sink Output Parameters 
Manufacturing and Roasting
Once fresh tea leaf is harvested, it is then transported from farms to factories nearby by using lightweight diesel-or gasoline-powered trucks. The process starts with sun drying in an airy open area and indoors to trigger withering and the fermentation process in tea leaf tissue, followed by a series of roasting steps to configure the balance between aroma and taste. In this stage, roasting contributed to energy usage, as well as transporting goods and labor. Energy consumption primarily occurs during the roasting process in the form of diesel, electricity, and natural gas in order to perform the following tasks: (a) tumbling, which involves a rotating cylinder as well as hand shuffling to promote further oxidation; (b) "kill green" occurs with the use of high temperature to ensure enzymes within the leaves are destroyed in order to stop further oxidation and achieve the partial oxidation characteristic of Oolong tea; and (c) rolling is followed where leaves are placed in a dish roller machine or a conveyor belt dryer. Secondary rolling and drying is often required in order to achieve better aroma or to eliminate any lingering moisture. The entire roasting process is one of the most critical stages that significantly affect the aroma and taste of tea. This energy-intensive process also gives Oolong tea very distinct flavor.
As Oolong tea roasting is an energy-intensive process, heat sources and consumption were investigated. Data indicated that liquefied petroleum gas (LPG) accounts for 96.8% of the so-called natural gas consumption in the public supply sector in Taiwan, whereas low-pressure natural gas makes up the rest [37, 38] . This mix of heat sources was created as an energy input in the roasting stage specifically to represent the energy consumption regime at central Taiwan where tea was produced. After the roasting phases, each kg of fresh green leaves can yield 0.24 kg of loose tea leaves which is ready for packaging and shipping to markets.
Packaging
Materials used in packaging included tin-plated chromium steel for can production and plastic for bag production. The studied tea product represents a popular packaging scheme consisting of 600 g of loose tea leaves vacuumed sealed in a 34-gram plastic bag within a tin can. A tin can requires 2-mm equivalent tin-plated chromium steel sheet of 72.22 cm 2 with a welding length of 18 cm. The packaging, therefore, takes into account electricity usage for sealing the plastic liner and tin can, in addition to the packaging materials. Total electricity consumption in this stage is approximately 0.75 watt-hour per can. There was no transportation involved as the manufacturing facility, and the packaging facilities are located in the same place in these two cases.
Consumption
Two consumption schemes were developed to represent domestic market distribution and an international regime for the U.S. and U.K. To fulfill product shipment, we assumed that 70% of the product would be consumed in the U.S., while 30% would be consumed in the U.K. These two countries were selected as they have shown a strong increase of revenue in tea markets or tea consumption per capita. They also represent typical western countries where tea has primarily been imported to support their domestic demand [44] . All transportation distances were estimated in a population-weighted distance from Lugu, Taiwan, to all major cities in Taiwan, as well as in the U.S. and U.K. Domestic consumption occurring in Taiwan included transport with gasoline-powered trucks to the market in Taiwan, of which the cooking energy (for boiling water) primarily relies on a combination of LPG and natural gas. Therefore, we applied the same approach and data sources as what were shown in the roasting phase [37,39] to create a national energy mix to represent the cooking heat source (Table 3) . International consumption, on the other hand, includes both land and sea transportation. The energy sources for heating are proportionally varied by country to include electricity and natural gas, emissions of which were derived and aggregated from EcoInvent v3.2 [35] . Cooking energy and its corresponding emissions are estimated based on an integrated scheme derived from the U.S. and U.K., and is primarily sourced from natural gas and electricity (Table 4 ). For the U.S., it was assumed that 60% of households use electric stoves and 40% use natural gas stovetops, whereas in the U.K., 70% of households use electric stoves and others rely on natural gas stovetops. 
Output Flow Unit Amount
Cooking energy mix, Taiwan kcal 1000 
Emissions Unit Amount
Carbon dioxide g 244.000
Carbon monoxide g 0.1060
Hydrocarbons, unspecified g 0.0194
Hydrocarbons, unspecified g 0.0154
Methane g 0.0208
Nitrogen oxides g 0.2140
NMVOC, non-methane volatile organic compounds, unspecified origin g 0.0208
Particulates, <10 um g 0.0130
Particulates, <2.5 um g 0.0122
Particulates, >2.5 um, and <10um g 0.0126
Sulfur dioxide g 0.0000
Sulfur oxides g 0.0358
Suspended solids, unspecified g 0.0135 
Results
The results, as depicted in Figure 1 , indicate the proportional GWP and EP associated with different Oolong tea production phases. Each serving of Oolong tea can result in a total of 28.6 g CO 2e of GWP and 0.09 g N e of EP if consumed in Taiwan. Shipping and consuming tea in the U.S. and U.K. amounts to additional 5.5 g CO 2e of GWP and 0.02 g N e of EP compared to the Taiwan domestic market. The international scheme increases GWP and EP by 19% and 26% from the domestic system, which is primarily contributed by the lengthy transportation distance and the variance of cooking energy in different regions. 
Global Warming Potential
The largest GWP contributor throughout the life-cycle of tea production and consumption is the cultivation phase, accounting for nearly 52% of the total GWP associated with the domestic system. In the farming phase, the application of agrochemicals contributed approximately 31% of GWP in this production stage, consisting of the emission associated with broadcasting synthetic and organic fertilizers and pesticide. The rest of the emission is attributed to the up-stream impact embedded in 
The largest GWP contributor throughout the life-cycle of tea production and consumption is the cultivation phase, accounting for nearly 52% of the total GWP associated with the domestic system. In the farming phase, the application of agrochemicals contributed approximately 31% of GWP in this production stage, consisting of the emission associated with broadcasting synthetic and organic fertilizers and pesticide. The rest of the emission is attributed to the up-stream impact embedded in the production of the agrochemicals (59%), transportation (10%), and irrigation (0.3%).
Second in GWP impact was the tea manufacturing and roasting phase, which accounted for 22% of total GWP, followed by consumption (16%) and packaging (10%). Direct use of energy as a heat source for machinery operation (farming and roasting) and consumption (boiling water) appeared to be a significant impact contributor, accounting for 35% of total tea life-cycle GWP per serving. Due to the variations in heating sources between Taiwan and the international scheme, consuming tea in the U.S. and U.K. markets increases GWP by 19% compared to the domestic baseline, in which 13% of the increase was associated with altered cooking energy, and the rest was attributed to extended transportation of international shipments.
Eutrophication Potential
The magnitude of change from the domestic market to an international is more significant in EP (26%) than in GWP (19%). However, the order of primary impact contributing phases remains the same in both impact categories except for the impact contributed by consumption ( Figure 1) . Proportionally, the cultivation phase in affecting EP is more significant than it is in GWP, as expected, accounting for 76% of total EP in Taiwan domestic market followed by manufacturing (11%), and packaging (10%). In the cultivation phase, substantial EP was contributed by the direct application of both organic and inorganic fertilizers, and the wood chips for soil protection (83%). The rest of the impact can be attributed to the embedded EP from up-stream processes, including the production of fertilizer (15%), and transportation (1%).
The consumption phase only accounts for 4% of total EP under the domestic consumption scheme, whereas the international consumption would add additional 0.02 g N e of EP to the domestic system, boosting a 26% increase of total EP. The change was primarily elevated by the shift of cooking energy (23%) from primary sources observed in Taiwan to electricity-based stovetops adopted in the U.S. and U.K.
A normalized result was derived to illustrate the magnitude of GWP and EP in a comparable fashion. The per-person annual GWP and EP impact in the U.S. in 2008 [41] was adopted as a baseline to put the impact of consuming 500 servings of Oolong tea (made from approximately 1 kg of loose tea leaf) into perspective ( Figure 2) . The results indicate that EP is more of an environmental challenge than GWP in the life cycle of tea. The consumption phase only accounts for 4% of total EP under the domestic consumption scheme, whereas the international consumption would add additional 0.02 g Ne of EP to the domestic system, boosting a 26% increase of total EP. The change was primarily elevated by the shift of cooking energy (23%) from primary sources observed in Taiwan to electricity-based stovetops adopted in the U.S. and U.K.
A normalized result was derived to illustrate the magnitude of GWP and EP in a comparable fashion. The per-person annual GWP and EP impact in the U.S. in 2008 [41] was adopted as a baseline to put the impact of consuming 500 servings of Oolong tea (made from approximately 1 kg of loose tea leaf) into perspective ( Figure 2) . The results indicate that EP is more of an environmental challenge than GWP in the life cycle of tea. 
Discussion: Opportunities for Impact Reduction
The LCA method provides a broken down view of a product's life cycle and can identify the opportunities for impact reduction. However, as part of its methodology, LCA requires intensive data input in order to complete impact accounting. The collection of data inventory in Taiwan appeared to be a challenging task, because the local tea farms are family owned and have not yet been transformed to meet the same operational efficiencies as a large-scale commercial plantation. Therefore, most farming practices still rely on a farmer's judgement, along with experience that has been passed down over generations. 
The LCA method provides a broken down view of a product's life cycle and can identify the opportunities for impact reduction. However, as part of its methodology, LCA requires intensive data input in order to complete impact accounting. The collection of data inventory in Taiwan appeared to be a challenging task, because the local tea farms are family owned and have not yet been transformed to meet the same operational efficiencies as a large-scale commercial plantation. Therefore, most farming practices still rely on a farmer's judgement, along with experience that has been passed down over generations.
By comparison with black tea [31] , Taiwan Oolong tea shows 52% less GWP but 11 times higher EP per equivalent weight of loose tea. There are many factors contributing to these variations, including the geographical setting of tea farms that affect transportation requirements, and soil and climate characteristics that regulate framing practices. Therefore, the comparison between different tea types produced in different regions can only be employed as a reference to translate impact into a relevant perspective, rather than a comparison to determine the performance of each tea type.
Systematic Data Collection and Schematic Configuration
Neither of the interviewed farmers kept a booking system to track operations. There is little scientific reasoning behind the decision-making process either, with respect to the operational procedures or farming practices. This results in a widely varied material input scheme (Table 1) . Using fertilizer as an example, the recommended inputs were 540, 180, and 270 kg/ha for N, P, and K, respectively [45] , whereas the field survey showed an average of 749, 126, and 118 kg/ha of N, P, and K. The field data in N fertilizer were 28% higher, but 43% and 130% lower in P and K fertilizers, than what was recommended. Using the domestic production system as an example, tea life-cycle GWP and EP per serving could be decreased by 11% and 13%, respectively, if following the recommended fertilizer application rate.
On top of the use of synthetic fertilizer, local farmers also apply a significant amount of soybean-based organic matter as a nutrition supplement, with an average of 7267 kg/ha. The economic and biological benefits in responding to the use of organic fertilizer in tea cultivation remain unknown due to the lack of scientific evidence. Although there can be local soil characteristics that require such adjustment, the best management practices have not yet been examined due to the lack of scientific testing and analysis. It is also important to note that current GWP and EP assessment do not take into account the composition of woodchips, and hence, the potential impacts in the LCA scheme. As tea farmers in Taiwan generally recognize the utilization of woodchips to be an environmental-friendly practice, the potential environmental implications remain unknown. To tackle this challenge, more studies will be required in order to better understand the effectiveness and efficiency of improving tea environmental performance.
Cultivation and Manufacturing
The cultivation process accounts for nearly 52% and 44% of the total GWP in the domestic and international consumption pathways, respectively, and even greater in EP for 76% and 60% in domestic and international systems. This resonates with current practices for mitigating emission from tea plantations which take great emphasis on characterizing the non-point source water pollution associated with the use of agrochemicals [42, [46] [47] [48] . Tea manufacturing is also known to be an energy intensive process due to the various steps necessary to produce adequate roasting levels. The steps include drying, withering, rolling, and heat treatment of leaves. This phase can be attributed to the large quantity of energy in various forms.
In addition to fertilizer as a known factor substantially affecting tea GWP and EP, the reduction of energy consumption for transporting farming goods and labor, operating machineries, and roasting is expected to decrease impact, although not as significantly as what could be achieved by agrochemicals. For instance, by reducing transportation distance by 50% in the cultivation phase, together with replacing 50% electricity in roasting using natural gas, it is possible to achieve a 4% and 3% reduction of GWP and EP in the Taiwan local market. Although one might consider shortening transportation distances by 50% to be a challenging goal, this is in fact a feasible alternative, given the Taiwanese population's labor and market distribution. According to the tea farmers interviewed in this study, current farming practices have not considered energy efficiency or fuel reduction as strategies for mitigating environmental impact.
Moreover, in the studied case, only one type of packaging design was considered. A light-weight tin can that weighs 50% of the current design could eliminate an additional 4% of GWP and EP. Another packaging design using paper-based containers is also a popular alternative option in the market, which could decrease tea GWP and EP by approximately 8% if other packaging process remains the same. This demonstrates that a systematic approach is required to create a holistic impact reduction plan during the cultivation and manufacturing phases.
Cooking Energy
We found that GWP and EP associated with the international system were 19% and 26% higher than the domestic one, respectively. As the increase was attributed to the change of cooking energy rather than lengthening transportation distance, the result provides additional insight into mitigating the environmental impact of Oolong tea by targeting the consumption phase. Because significant impacts arise from the consumption stage in particular, it is important to recognize the value of sustainable consumptive practices.
The energy scheme for domestic consumption of LPG and NG resulted in less impact for each impact category relative to the energy scheme used for international consumption combining electricity and NG. The comparison between the domestic and international consumption schemes implies the importance of cooking energy in affecting tea's environmental portfolio. Cooking energy mix can contribute to 13% and 23% of GWP from a serving of tea in the domestic and international markets, respectively, whereas that accounts for 3% and 21% of EP under each system. Therefore, the choice of environmental impact categories can also have a significant effect on altering one's perception on how "green" Oolong tea can be.
For the purposes of this study, it was assumed that an exact amount of 170 grams of water was boiled to produce one serving of tea. In reality, many consumers may unnecessarily boil additional amounts, thereby increasing the amount of energy required to boil the water. This would result in additional impact at the consumption stage in both domestic and international scenarios. Thus, recommending that consumers to make a cup of tea by avoiding over boiling extraneous amounts of water, in fact, could have a meaningful contribution to mitigating tea's environmental impacts.
Conclusions
Despite the increasing interest in sustainable supply chain management of food products, environmental analyses of tea production and consumption have received less attention compared to other less-consumed beverages such as coffee. To this end, we performed a cradle-to-gate analysis of Oolong tea produced in Taiwan and compared impacts arising from consumption both domestically in Taiwan and internationally in the U.K. and U.S. Results of this study reveal the need to improve tea farming practices by incorporating scientific approaches and measurements, and to clarify the impact associated with the choice of cooking energy. Given these obtained outcomes, both tea producers and consumers can make strategic decisions to improve their environmental sustainability. During the tea cultivation phase, farmers should aim to optimize the fertilizer application efficiency in order to reduce eutrophication as its impact magnitude is over three times higher than GWP. Systematic approaches to mitigating tea environmental impact can be achieved by considering low-impact packaging designs, contracting with local workers, and avoiding excessive agrochemical applications. The quantitative results derived from this study provide insights to incorporate feasible solutions for mitigating tea environmental impacts. These can also serve as a baseline enabling analysis on impact reduction efficiency analysis in the future, which can benefit the tea industry to achieve sustainable goals in the long term. 
